The layer of atmosphere adjacent to the earth's surface which is affected by friction, heat transfer and pollution from the surface is called the atmospheric boundary layer (ABL). At nighttime, the earth's surface becomes colder than the upper atmospheric layers. The thermal stratification with heavy cold layers close to the ground and light hot ones upwards dampens mixing currents in the atmosphere; a condition named as stable ABL. The absence of mixing at night causes the pollutants released from ground sources, such as automotive transportation, to settle in the layers close to the earth which affects human health. This research is a CFD investigation of the effect of building density on pollutant dispersion in urban areas under severe atmospheric stability condition. Three plane area densities were examined; 35, 25 and 15%. Carbon dioxide was considered as the pollutant. Large eddy simulation (LES) was utilized in the simulation. The results have proven the positive effect of building structures in dispersing pollutants. However, high building densities above 25% trap high concentrations of pollutants at the pedestrian level. The research may offer recommendations for the city planners and legislators about traffic pollution and architectural planning.
Introduction
The study of atmospheric flow near buildings is important to mankind. There are many reasons for this, urban heat island issues (UHI) is one important aspect. The denser are the buildings in a given footprint, the harder it is for fresh air to go through the city to remove heat and pollution. Subsequently, harmful gases produced by anthropogenic sources, e.g. automobiles, can concentrate around buildings at the pedestrian level. Research by the US-based Health Effects Institute (HEI) showed that air pollution caused more than 4.2 million early deaths worldwide in 2015, making it the fifth highest cause of death, with around 2.2 million deaths in China and India alone [1] . The atmospheric boundary layer (ABL) is a term defining such bottom layer of atmosphere where the flow properties, e.g. velocity, temperature and chemical composition, are affected by interaction (friction, heat transfer and pollutant dispersion) with the earth's surface [2, 3] . Depending on the surface conditions, the ABL can extend up to tens or hundreds of meters. During daylight hours the earth's surface is hotter than the atmosphere, thanks to the solar radiation, and hence the adjacent air layers are hotter than the further ones. The temperature difference causes the density structure of the atmosphere to be unstable. As a result, vortical buoyant motions develop. This vortical motions compose the main engine for mixing atmospheric layers and dispersing ground-source pollutants. The ABL height expands to 1-2 km. In contrast, at night time, the earth's surface loses its temperature by radiation to space and becomes colder than the atmosphere. Hence the new density structure is stable. The stable thermal stratification not only lacks buoyant overturning currents but also suppresses the mechanical friciton turbulence. Thus the ABL height shrinks to only few tens of meters. For an urban area with many anthropogenic pollution sources a long-lasting stable ABL can be fetal due to the absence of layer stirring and pollutant dilution [4] .
Many authors performed field measurements, wind tunnel model experimentation or CFD simulations for the wind flow through urban areas to determine the effect of building design and ABL stability condition on heat dissipation and pollutant dispersion. From there, large eddy simulation (LES) of the atmospheric flow in the DAPPLE site, London, Xie and Castro [5] discovered that the scalar dispersion is affected by the source location only in the near field. Whereas, far from the source, the source location is of minor impact. This was confirmed by Gousseau, et al. [6] who held a wind-tunnel-validated CFD simulation of the flow in downtown Montreal. They displayed also the proper simulation of the flow separation at the building edges to be crucial for predicting the concentration field.
The wind flow through downtown Macao was simulated by Liu et al. [7] under realistic wind speed and temperature conditions. The results have shown the importance of the buoyancy effect on turbulence intensity and hence pollutant dispersion. The residence time of a gas in the wake of a building, consequently, is longer for stable rather than unstable states [8] . The air exchange in urban areas is driven by the buoyancy effect under unstable condition and flow turbulence under neutral condition [9] . This is in contrary to Hang et al. results [10] who studied the particle dispersion in high-rise building arrays with variable-heights and found the mean flow to be more important than turbulent diffusion. The pedestrian flow and contaminant gas concentration depend on the approach wind structure even in condensed urban areas [11] . The three dimensional nature of the flow structure around buildings drives the concentration field to be three dimensional as well [12] .
The increase in the numbers of skyscrapers in modern urban areas such as Kuala Lumpur City Centre (KLCC) negatively affects the pollutant dispersion. The denser the built area is, the less the space available for ventilation is and the more the pollution sources are. It is very timely to study the pollution dispersion from traffic sources in such modern urban environments. The main objective of this study is to detect the effect of building packing density on the pollutant concentration map. The case study is KLCC under a deeply stable atmospheric condition. This is expected to provide a guideline for city council and planners.
Method
Computational fluid dynamics (CFD) is an accredited tool for atmospheric flow simulation if the proper setting of the computational parameters is granted [12] . Thanks to its ability to capture turbulence properties, LES has got a wide popularity as a CFD tool to predict the flow field and concentration distribution in urban environments e.g. [6, 13, 14] .
Mathematical Model
In the LES a filtration function is applied to the governing equations so that all eddies larger than the grid size are explicitly resolved (simulated) while the smaller eddies are modeled using so-called subgrid-scale (SGS) models. The filtered continuity, momentum, energy and concentration equations are listed below:
Where, is the resolved scale density (the tildas ∼ were removed for simplicity), is the resolved scale pressure, is the resolved scale velocity component in the direction, is the gravitational acceleration component, ℎ is the resolved scale enthalpy (ℎ = + = ) and is the resolved scale pollutant concentration. is the resolved scale temperature and is the fluid specific heat at constant volume.
is the molecular viscosity stress tensor defined as:
and are the fluid molecular and SGS turbulent viscosities. , , and are the Prandtl (=0.707), turbulent Prandtl (=1.0), Schmidt (=1.14) and turbulent Schmidt (=0.7) numbers. and are calculated using the SGS model, the one equation eddy viscosity model [15] in our case. In this research air was considered compressible [16] and its density was defined by the ideal gas law:
Geometrical Model, Domain and Mesh
Special care was given to the model dimensions to design a more realistic model. KLCC, as a case study, is distinguished with its high-rise buildings that can go up to 630 m, Merdeka PNB118 (underconstruction). Nevertheless, they are largely separated with, streets, gardens and low-rise buildings. The average building height-to-length ratio in KLCC was calculated and found to be ~ 2.0. While the plane area density was ~ 22%. The simulated model comprises an infinite array of equal-height, high-rise, square, in-line arranged and equally spaced buildings, Figure- . It has to be stressed that inspiring the geometrical features from KLCC doesnot imply that the results of this study strictly apply to KLCC. This is inasmuch as the height variability in the real city is expected to alter the flow structure and dispersion characteristics [17] . However, the current analysis provides rough estimation of the pollutant concentration in typical modern high-rise building cities. The inlet, outlet and lateral boundaries were assigned periodic conditions. This allows confining the flow domain to one repeating unit of the building network (Figure-1) . The height of the domain was set according to the COST action [18] [19] [20] namely 5H. The building model was constructed using Autodesk® 123D Design® and exported to a stereolithography STL (file that can readily be read by OpenFOAM, the CFD software employed). The mesh was divided vertically into two sections. The first section covers the bottom 150 m of the domain and contains 44% of the cells. In this section, the cell sizes are not equal but expand gradually at an overall ratio, last cell to first cell sizes, of ∼ 4. While in the second section of the mesh, 350 m height and 56% of the cells, the cell size is uniform. An illustration of the mesh and the boundaries is shown in Figure-3 (a) and (b), respectively. Three meshes were examined to ensure the grid-independence of the results; Coarse (C), Medium (M) and Fine (F). The total nominal number of cells in these meshes was 1, 1.5 and 2 million(s) of cells. The specs of the three meshes are detailed in Table- 1. The mesh sizes were based on a literature survey for similar cases of urban atmospheric flow. A summary of some recent cases is listed in Table- 2. The grid-dependence analysis was held only for, λp = 25%, and considered the pollutant concentration at four points (P1-P4), Figure-1(b) , as a criterion. Although it is impossible to achieve a perfect grid-independent solution via LES [21, 22] , the grid-dependence analysis has proven the fidelity of the meshes used. Figure-2 compares the non-dimensional concentration coefficient for the three meshes at the points (P1-P4). The non-dimensional concentration coefficient, is defined as: Where, ∞ and 0 are the freestream and ground level pollutant concentrations. The precision of the M mesh was found acceptable for this study and hence it will be considered in the pollutant dispersion simulations.
(a) λp = 35% (b) λp = 25% (c) λp = 15% Figure-1 . The geometrical models implemented in the simulation. 
Boundary Conditions
As mentioned earlier, the inlet, outlet and lateral boundaries were assigned periodic conditions [14, 16, 17, 22, [25] [26] [27] i.e. the outlet flow properties from one iteration is fed to the inlet in the next iteration. The flow, then, needs to be forced by an external effect e.g. fixed free stream velocity at the top boundary [22] . The cells near the walls, ground and building surface, were assigned standard wall functions to calculate all the turbulent parameters. Although this is not the case in KLCC, the surfaces of the ground and buildings were treated as smooth surfaces to allow refining the grid size near the walls [16, 19] . To produce a stable atmospheric condition both the ground and top boundaries were assigned a positive potential temperature gradient. Whereas fixed concentration values representing the traffic sources and free atmosphere were set to the ground and top boundaries, respectively. The buildings were assumed to be thermally insulated and impermeable for mass transport i.e. zero-gradient temperature and concentration conditions were assigned at their surfaces. The boundary conditions are summarized in Figure- 
Numerical Aspects
The flow simulations were held by OpenFOAM®. OpenFOAM can realize geometries in the STL format and construct the mesh using the snappyHexMesh tool. Although there are no solvers in OpenFOAM to solve the mass transport equation simultaneously with the momentum and heat transfer equations, one solver can be created by the user since OpenFOAM is an open-source CFD package. The implemented solver was a variant of the standard buoyantPimpleFoam solver. The time step was left adjustable such that the Courant number is less than unity and the solution is stable. The simulation continued for 450 turnovers i.e. the flow sweeps the domain at the free stream velocity 450 times. The averaging process included the last 300 turnovers only. The first 150 turnovers were needed to reach the quasi steady state.
Case Studies
The values for dynamic and thermal boundary conditions were selected from the EKOMAR scientific campaign [26, 27] database. The chosen conditions, are listed in Table- Figure-4 shows the streamlines of the flow at horizontal plane (pedestrian level, z = 10 m) and vertical plane (middle of the building, y = 25 m) in the three cases. As can be seen, the region behind the building witnesses large vortical structures that are supposed to enhance pollutant dispersion. One vortex develops near the roof and two develop near the two sides. Obviously, these are consequences of the flow separation at these edges. The development of vortices in the leeward side of the building has been pointed out by other authors [28] . For the x-y plane view ( Figures-4(a) , (c) and (e)), as the spacing between buildings increases, the two vortices downstream the building expand. For the x-z view (Figures-4(b) , (d) and (f)) the top vortex expands as well and totally detaches from the wall at λp = 15% ( Figure-4(f) ). Besides, a new vortex generates at the windward wall close to the ground. These conclusions are better visualized by Figure-6 which shows the concentration profiles along selected y and z axes (refer to Figure-7 ). The λp = 15% case produces the lowest concentration at ground level (z < 0.2 H) ( Figures-7(c) and (e) ). Nevertheless, it shows high concentrations along the leeward wall z-axis ( Figure-7(a) ). This is, as mentioned before, owing to the detachment of the vortical structure from the wall. It can be inferred, hence, that buildings introduce roughness to the wind flow that enhances turbulence and dispersion. Therefore, reasonably packed urban environments can improve natural ventilation. The λp = 35% case generates the highest concentrations at the ground level for all positions. Along the y-axes ( Figures-7(b) , (d) and (f)) the λp = 15% design, again, shows best results at this pedestrian level except at the leeward wall. The λp = 35% design is generally the worst and λp = 25% is in between. Finally, Figure-8 tracks the time evolution of the concentration at point "A" in the middle distance between the two consequent buildings at a 10-m height, see Figure-7 . The time is expressed in terms of the dimensionless time, , defined here as:
Results and Discussion
Both the λp = 35% and λp = 15% geometries create high rates of increase at the first short period. This is because the former experiences small and far vortices and the latter experiences weak ones. However, after long time, the pollution in λp = 15% maintains relatively lower values. The λp = 25% case coincides with the λp = 35% for most of the simulated time. This final state is illustrated by Figures-6(c) and (d) . Unfortunately, there are no experimental data in the literature to validate the current results. Thence, these were compared with [10] which examined the flow through a high-rise building model of aspect ratio = 2, λp = 25% and under neutral atmospheric condition. The comparison is shown in Figure-9 . The figure shows the mean streamwise velocity at two z-axes, S and V, refer to Figure-1 . Although the similarity between the two trends, the stable atmosphere in the present research greatly dampens the wind velocity. This turns out from turbulence suppression by the stable boundary layer which restricts momentum transport between high and low speed layers and creates uneven windspeed profile. 
Conclusions
The pollutant dispersion in urban environment have been studied in this research for three plan area densities; λp = 35, 25 and 15%. The study focused on the deeply stable ABL as a worst dispersion condition. It was found that the vortical structure between the buildings is very narrow in case of λp = 35%. Meanwhile the model λp = 15% exhibits large but detached vortices. It can be concluded then that high building densities trap pollutant in the cavities downstream buildings. While low densities, although allowing strong sweeping currents, witness weak vortical structures. Consequently, pollutants tend to pileup near the leeward wind wall of the building. An optimum building density between 15-25% is suggested. 
